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Abstract
Stroke is one of the leading causes of death, physical disability, and loss of brain func-
tionality each year, especially amongst older adults [7]. The ability to access good quality
post-stroke rehabilitation exercises is essential for stroke survivors to maximize their po-
tential to regain skills and physical abilities. Robot-assisted therapy is showing promise
as a way to provide stroke survivors with engaging, challenging and repetitive tasks while
delivering measured therapy that is able to objectively evaluate patients’ progress [65].
Among several challenges that are associated with the design of rehabilitation robots (e.g.,
the mechanical structure, the actuator types, the control strategies), the design of the con-
trol strategy is one of the most critical [6, 82, 131]. Depending on the type of patient and
the severity of the impairment of motor control, various control strategies could be applied
for the recovery of the impaired limb in stroke survivors using robot-assisted therapy [131].
Research is needed into the development of how best to control rehabilitation robots; this
includes both the internal control algorithms and the User Interface (UI) for therapists.
As such, the first objective of this research is to design and implement a motion con-
troller and force-field controller for a 2-Degree of Freedom (DOF) manipulandum upper-
extremity rehabilitation robot that is able to deliver planar rehabilitation exercises for
stroke survivors while taking therapeutic rehabilitation goals into account. The motion
control algorithm can precisely follow a prescribed time-dependent trajectory whereas the
force-control method will only provide assistance (or even resistance to introduce extra
challenge) to the patient to do the task rather than forcing the movement. For doing
the simulation studies, a motor control model of post-stroke patients was proposed. The
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effectiveness of these controllers was explored in simulations and it was observed that the
developed force-field algorithm had a positive effect on the motor control recovery for a
simulated patient. The simulation results also indicated that the resistive mode of therapy
would result in better outcomes after the therapy which aligns with experimental studies
by other researchers [38,96]. In addition, a novel adaptive algorithm was proposed for fine-
tuning the proposed force-field parameters based on the performance of the patient during
the therapy as a subject specific controller can help to achieve a desirable performance for
each patient [113]. While this approach is promising, the effectiveness of the adaptation
rule has yet to be evaluated on real patients in the future.
To enable effective access and use of the robot, the controller needs to be visualized
through a Graphical User Interface (GUI) in a way that therapists can understand and
use. The second goal of this thesis research was to work with therapists to collaboratively
design an intuitive to use GUI for therapists to control the robot and provide objective
information on patients’ performance. The identification of features and feedback on the
intuitiveness of the GUI developed in this research highlights the value of collaborative
design between engineers and therapists to create the interface that enables therapists to
control the rehabilitation robot. This research also identifies the need for collaborative GUI
design with patients as their needs and preference may be different from therapists. Dur-
ing the collaborative GUI design, it was observed that including obstacles and force-field
method might be a possible useful method for supporting patients’ movement trajectory,
not only because therapists can adjust the force strength to suit a specific patient, but
also because they can use its numerical data for objective measurement of patients’ perfor-
mance. Therapists who participated in this research stated that objective measurements
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(i.e., trajectory smoothness, speed, mobility range and error) could be used to evaluate
the patient performance. While rehabilitation robots are different in terms of mechanical
structure, work-space, and the exercise that they can provide, similar methods could be
used for supporting patients’ movement trajectory and performance evaluation. As the
GUI is the first prototype, it needs to be used with and evaluated by therapists and pa-
tients to ascertain if the information presented in the GUI is intuitive and to explore if
they can understand it or use it.
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1.1 Motivation and Research Objectives
Stroke is one of the leading causes of death, physical disability, and loss of brain func-
tionality each year, especially amongst older adults [7]. Good access to post-stroke reha-
bilitation exercises is essential for stroke survivors to maximize their potential to regain
skills and physical abilities. However, a lack of availability of equipment and therapists
can cause challenges in accessing rehabilitation exercises [2, 7]. In recent years, there has
been substantial research in the use of robotic systems for rehabilitation purposes to aug-
ment conventional rehabilitation programs, such as leveraging robots’ high precision and
endurance [2, 37, 101, 132]. Rehabilitation using robot-assisted therapy has been shown to
be effective in some situations for providing engaging, challenging, and repetitive tasks
for stroke patients while reducing therapists’ physical engagement and minimizing related
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costs [43, 65]. Rehabilitation robots show promise as a way to support clinicians’ goal of
providing patients with access to exercises that facilitate recovery as well as providing a
more objective way to evaluate patients’ progress [65].
In order to interact with robot-assisted therapy, therapists need to have access to a
User Interface (UI). UI is a way that enables human users to interact with hardware (e.g.,
a computer or a robot) and software (e.g., a website or application). Making the user’s
experience easy and intuitive is the key goal of an effective UI. In order to receive the
maximum desired outcome, the minimum effort should be required on the user’s part
[100,112].
A graphical user interface GUI is a form of UI that allows people to interact with
electronic devices through graphical icons [100]. The user interface is an essential aspect
of the potential usability of robot-assisted therapy in rehabilitation. A good interface can
facilitate user-robot interaction during the treatment session (and a bad one prevent it) [60].
While research related to robot-assisted therapy is growing, UI and GUI development
(particularly those with end-user involvement) has not received much attention [59, 73].
By involving therapists in the design of the GUI, it is anticipated that their wants and
needs will be better reflected in a design that enables them to the control the robot in a
useful and intuitive way.
1.1.1 Objective and guiding research questions
The research presented in this thesis focuses on two aspects of an upper-limb rehabilitation
robot control: 1) the design and development of different controllers for a planar 2 DOF
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robot; and 2) the design and evaluation of a proposed GUI for therapists to control it.
Therefore the goals of this thesis are: 1) to propose a novel controller and a subject-
specific algorithm, using force-fields method to find the adaptive force-field for a given
patient, considering their performance over time, and 2) design a GUI that therapists
could use to intuitively control the robot in the ways they would wish to and to provide
objective information on patients’ performance.
The two research questions guiding this thesis are:
1. How can control strategies be designed for robot-assisted therapy to address various
training mode of therapy (i.e., active and passive) that are used for wide range of
stroke patients with different impairment?
2. How can a GUI be collaboratively designed to enable intuitive control of the robot by
rehabilitation therapists and provide objective information on patients’ performance?
1.2 Structure of thesis
The remainder of the thesis is structured as follows:
Chapter 2 provides an overview of the literature, with a focus on two aspects related
to the upper Extremity Robot-Assisted Therapy. First, there is an introduction to stroke
and why there is a need for robot-assisted therapy, second is an overview of upper-limb
rehabilitation robots.
In Chapter 3, as shown in flowchart summery of the thesis Fig. 1.1, first, an overview of
3
Figure 1.1: The flowchart summery of this thesis
.
the robot system is given, focusing on its mechanical design and computer software. Then,
the kinematic and dynamic models of the robot are presented.
In Chapter 4, the robot’s controller is explained, two control strategies, namely, motion
and force-field control, was designed to control the rehabilitation robot. In addition, a
novel adaptive algorithm was proposed for fine-tuning the proposed force-field parameters
based on the performance of the patient during the therapy.
Chapter 5 focuses on the collaborative development of GUI for therapists to control the
robot. This was done through two iterations of interviews with rehabilitation therapists
and design revisions.
Chapter 6 summarizes the key findings and conclusions as well as provides insights
regarding future work related to the robot’s controller and its GUI.
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Chapter 2
Background and Literature Review
2.1 Stroke and Post-Stroke Rehabilitation
Stroke or Cerebrovascular disease is a sudden disturbance of the blood supply to the
brain tissue; it is one of the leading causes of death, physical disability, and loss of brain
functionality each year, especially amongst older adults [7]. It is stated that approximately
15 million people around the world have a stroke each year [107]. Of these, around five
million individuals die, five million have a complete recovery, and another five million have
permanent disability [107]. Stroke is the cause of a significant economic load, ranging
from 2% to 4% of total healthcare costs worldwide for stroke-related medical costs and
disability [91].
In the literature, it is stated that stroke patients experience difficulties in performing
Activities of Daily Living (ADL) [19], motor functionality, paralysis, weakness, impaired
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balance, and loss of sensation, as well as significant reductions in body strength [71,80,103].
Post-stroke rehabilitation 1 is essential for stroke patients to regain some or all of the skills
and physical functions that they had before stroke [34].
Upper-limb rehabilitation is crucial during the first six months after stroke, since after
that, 33-66% of stroke survivors will experience a significantly reduction in the effectiveness
of recovering upper-limb functionality [23, 66] The reduction in the functional recovery
effectiveness after six months of stroke has been attributed to dynamic changes in the
brain that occur post-stroke (both physiological and experience dependent) [29]. Stroke
recovery can be impacted by many factors, such as the patient’s age, motivation, and
medical condition, the severity of the initial impairment, and the quality of and access
to rehabilitation sessions [58]. Conventional rehabilitation programs usually require the
supervision of therapists in fully or partially assisting patients for hand or arm joints
movements, a process that is time-consuming and labor-intensive [23,98].
2.2 Robot-assisted therapy
In the clinical setting, sensory and motor recovery, activity increase, assessment improve-
ment, and assistance provided are the goals of therapy [39,42,65]. While the acute care of
stroke patients has been improved remarkably, rehabilitation therapy in the last 75 years
of practice has had limited advances for stroke survivors [65]. As the aging population
grows, the demand for rehabilitation services and caregivers is increasing quickly and cur-
1Post stroke rehabilitation is a process of engaging in tasks to improve motor, sensory, and cognitive
function as well as being able to perform the ADL independently [46]
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rent rehabilitation practices can be impractical in some certain tasks [65]. Approximately,
36-42% of people who have experienced stroke have a noticeable disability or are dependent
on their caregivers for performing ADL after five years of stroke [47, 48]. Moreover, due
to the lack of availability of equipment and therapists, access to rehabilitation exercises
can also be very challenging for stroke survivors [77]. As a result of this situation, new
approaches are needed to enhance the efficacy and productivity of rehabilitation. This de-
mand has created an opportunity for technologies such as robotics to support both patients
and therapists in the recovery process.
Robot-assisted therapy is utilizing robotic devices to rehabilitate post-stroke survivors
and to deliver motor and task-oriented training [20]. In some cases, less supervision and
independent training can often be performed, and patients are able to receive objective
feedback on their performance and to get motivated using interactive games [51,67].
Robot-assisted therapy falls into two main categories: robots that are designed to
compensate for skills that have been lost, including self-feeding, mobility, or manipulation
[110,118] and the robots that are developed to support relearning motor function [33]; this
thesis focuses on the latter.
Studies began with the MIT-Manus in the mid-1990s robot to determine whether inten-
sive therapy using rehabilitation robots could be effective in reducing motor impairment
post stroke. In a pioneering pilot study, Asien et al. [3] investigated motor impairment
improvement in stroke patients using the MIT-Manus robot. 20 patients who were in their
very first weeks after having a stroke received conventional therapy from therapists. The
patients were randomly put into two groups. One of the groups was the robot treatment
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group, in which patients received an additional reaching tasks movement program from
the robot for five days per week and one hour per day. The robot helped patients just like
therapists when they could not reach to target. While patients in the other group, the
robot exposure group, received the same task one hour/ per week throughout inpatient
hospitalization, but when they required help the technician helped them and the robot
did not assist the patients. As a result, patients in the first group (the robot treatment
group) obtained considerable gains in the movement of both the elbow and shoulder of the
paretic arm and strength, which were measured by the Medical Research Council (MRC)
Motor Power test and the Motor Status Score. The results indicated that the more therapy
was better and the robot had not adverse effect on patient, they also concluded that the
robot may have the potential positive effect on the outcome [3, 35, 126]. In addition, the
improvement after stroke for the patient in that group went through for up to 3 years [127].
In another study by Lum et al. [78] that compared robotic therapy and conventional
therapy, all patients (n=27) went through 24 one-hour sessions during the period of two
months and they supervised by a single occupational therapist. Patients were classified into
two groups: 1) a robot group, in which patients received elbow and shoulder exercise from
a robotic device; and 2) a control group, which was exposed to the robot for 5 minutes
every session and went through conventional treatment. Researchers have found higher
improvements in the proximal movement, strength, and reach extent on the Fugl-Meyer
Assessment (FMA) test in the robot group after two months of treatment. However, after
six months of treatment, no difference was found in both groups.
The positive effects of robot-assisted therapy on improving the motor control and the
strength of a paretic arm, muscle, and arm function compared to conventional therapy
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(a) Manipulandom upper-limb rehabilitation
robot (end-efector based robot) used in this re-
search
(b) Armeo Spring (exoskeleton robot), reproduced
with the permission from [16]
Figure 2.1: Examples of an end-effector based robot and an exoskeleton robot
have recently been suggested in systematic reviews [84, 124]. When dose of usual care
matched with robot assisted therapy, no significant difference were found in abilities in
performing basic ADL and motor control and the benefits of robot-assisted therapy were
not apparent. [67,90]. However, other studies suggested that using robot-assisted therapy
combined with usual care is more effective in terms of improving upper-limb motor function
and control, muscle strength/tone and basic ADL rather than using robot-assisted therapy
alone [14,84,124,134].
2.2.1 Upper extremity rehabilitation robot structure
Upper extremity rehabilitation robots can be classified as [79,89]:
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1. End-effector-based robot: End-effector2 robots are attached to the patients at
one distal point, and their joints do not equal to those of human joints [54,76,79].
2. Exoskeletons: Exoskeleton robots are similar to human limbs and they are attached
to patients’ limbs at several points. Their joint axes usually equal to those of human
joints [76]. Unlike the end-effector robots, these robots can provide movements to
certain joints [42].
Usually, end-effector-based robots have simpler structure, and less complex control
algorithms compared to the exoskeleton robot. However, it is difficult to perform a special
movements of a particular joint in end-effector robots, since the positions of other joints
will be changed simultaneously by the generated force at the distal interface [54, 76, 79].
End-effector robots at most can provide six DOF. “MIT-Manus”, “InMotion2”, “InMotion
Arm” and “ReoGo” are commercially available end-effector robots [42]. On the other hand,
the setup in exoskeleton robots is difficult, as they usually have many modules and due
to the complexity of exoskeleton robots, it often takes more time for patients to adapt to
the exoskeleton robot compared to the end-effector-based robots [104]. “ArmeoPower” and
“ArmeoSpring” are commercial exoskeletons [130].
A recent randomized controlled trial study [72] has directly compared end-effector and
exoskeleton robots in 38 chronic stroke patients with moderate to severe upper limb disabil-
ity. Stroke patients were equally divided into the end-effector group using the “InMotion2”
robot and exoskeleton group using the “Armeo Power” robot. They received a total of 20
sessions, (30 minutes of active therapy, five days a week for four weeks) along with the
2End-effector is the device at the end of a robotic arm, which is designed to interact with the environ-
ment.
10
conventional occupational therapy, a total of 20 30-minutes-sessions. The study found the
end-effector robot intervention was better than the exoskeleton robot intervention with
regards to the activity and participation measured by WMFT score for activity, and stroke
impact scale (SIS) for participation.
In addition to the difference in the mechanical characteristics of the end-effector and
exoskeleton robots, several reasons may be associated with better outcomes in the end-
effector group than in the exoskeleton group. The gravity support difference between
the two robots might be a factor that affected the results, since the end-effector robot
compensate for gravity and it operates in two-dimensional horizontal plane whereas the
exoskeleton robot operates in three-dimensional space and it involves movements against
gravity . Considering that the stroke participants in this study had moderate to severe
motor disability, there might be a possibility that the interaction was challenging with the
six DOF exoskeleton in three-dimensional space . It should be kept in mind that this was
one study so results may be different for different robots and/or stroke populations.
2.3 Robot Control
The design of the control strategy is one of the most critical design criteria in rehabilitation
robots [6, 82, 131]. Depending on the type of patient and the severity of the impairment
of motor control, various control strategies could be applied For the recovery of impaired
limb in stroke survivors using robot-assisted therapy [131].
In the initial stages of rehabilitation using rehabilitation robots, the aim is to in-
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crease the mobility range and to reduce the spasticity of the impaired limb [131]. In
this stage, the robot should be controlled to guide the patient to follow a desired trajec-
tory smoothly [6, 131]. Motion control (trajectory tracking) is one of the early controllers
designed for the passive mode of training, which often aims to accurately follow the desired
trajectory within the work-space of the robot [6, 62] without considering the effort of the
patient. Proportional-integral-derivative (PID) feedback controller is the simplest control
that usually is investigated for motion control [99]. Marcia et al. [92] controlled a RiceWrist
to have a motion control using the traditional fixed gain PD (proportional-derivative) con-
troller and found that the performance of this controller is dependent on of its proper PD
gains selection and for different configurations, the performance could vary substantially.
Most of the motion controllers have been designed for exoskeleton [41,125] and the problem
with motion controllers is usually tuning its control parameters. In this thesis, a motion
controller using PD-feed forward controller is proposed for a manipulandum rehabilitation
robot to make the tuning process of the controller gains easier to work well within the
whole work-space of the robot.
After passive rehabilitation training, patients usually needs to be engaged in the exercise
and do active training, as they usually have partial control on their limb [6,131]. For these
individuals, an Assist-As-Needed controller could lead to promising outcome [128, 129].
This controller provides minimal assistance and it aims to engage the patients to complete
the task [6,97]. Recent assist-as-needed controllers were implemented using the force-field
control methods [6,113]. Most of these controllers usually cannot be tuned to suit a specific
patient due to their fixed set of control parameters [9, 74, 113]. Subject specific controller
can help to achieve a desirable performance for each patient [113]. In this research, two
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novel force-fields are introduced and implemented as a possible method for motor control
recovery of stroke patients followed by proposing a novel adaptive algorithm to fine tuning
the control parameters.
2.4 Discussion and Conclusion
This chapter presented an overview of upper limb rehabilitation robots, including their
mechanical structure and impact on stroke rehabilitation. While several studies have sug-
gested the advantages of rehabilitation using robots, there is no decisive evidence that
robot-assisted therapy has more benefits over the conventional therapy. In addition to the
structural difference of rehabilitation robots, the way that the robots are included and
used in the rehabilitation program as well as factors related to motor (re)learning likely
play a role in the robot assisted therapy outcomes, however there is not yet enough data
to understand these relationships [23]. Recently, other researchers [72,95] have stated that
significant functional outcome can possibly be achieved from the use of end-effector-based
and exoskeleton rehabilitation robots, however, the results were different in those robots;
this may be an indication that the intrinsic characteristics of the robots, including the
structural difference, the type of robot’s control structure or robotic actuation can cause
these differential effects and affect the rehabilitation outcome [28, 83]. There is a lack of
studies regarding the certain guidelines or standard requirements addressing the most suit-
able robot subcategory, degree of freedom extension, control strategies, the user interface.
If such guidelines are understood, more suitable rehabilitation robots may be created to
assist therapists and patients in post-stroke rehabilitation [72, 95]. This literature review
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suggests work needs to be done in the development of controllers for rehabilitation robots;
both the internal control algorithms and the user interface for therapists. As such, this
thesis research focuses on two design aspects of an upper-limb rehabilitation robot: 1)
software/mechanical control strategy and 2) the design of the robot’s GUI. In the next
chapter, the system model of the robot will be discussed, which will be followed by the
design of its controller.
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Chapter 3
System Models: Upper Extremity
Rehabilitation Robot
3.1 Overview of the End-effector Robot
Upper extremity rehabilitation robots are designed for home or clinical use [42,89]. Based
on their functionality, in the clinical setting, rehabilitation robots can provide two main
types of therapy [6, 42,109]:
1. Passive recovery training: In this mode of training, the robot move the patients’ hand
regardless of the patient’s contribution [13, 44]. Passive recovery training usually
happens in the initial stage of rehabilitation and it aims to increase the mobility
range, and stimulate motor spasticity [87,109]. This mode of therapy could be more
beneficial for patients with severe impairment; however, it is stated to be less effective
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for mildly impaired patients. This might be a possible issue with some robot devices
that simply guide the participant and absolve the participant from doing the work.
2. Active recovery training: In this mode of training, the patient is actively engaged
in the exercise. This mode of therapy could be suitable for patients with mild or
moderate impairment and sufficient muscle strength [6, 22]. This mode of therapy
aims to enhance motor learning and can be classified into two main types of (1)
assistive and (2) resistive, based on the motor ability of patients [22]. In the assistive
mode, the robot will assist the patient to accomplish the task whereas in the resistive
mode, the robot makes the task challenging for the patient [44].
The manipulandum upper extremity rehabilitation robot that was used in this research
(Fig 3.1) was designed and developed by Quanser Consulting Inc., the Toronto Rehab
Institute (TRI) and the Motion Research Group (MORG) at the University of Waterloo.
By performing repetitive reaching movements, the robot have the potential to help post-
stroke patients to recover their range of motion and strength in the upper limb [42]. In this
chapter, an overview of the robot system is given, focusing on its mechanical design and
computer software. Then, the kinematic and dynamic models of the robot are presented
before discussing how the derived model was verified by conducting a simulation study.
The chapter closes with key findings and concluding thoughts.
3.1.1 Mechanical design
The manipulandum robot used in this research is a 2 DOF parallelogram mechanism that
operates in the horizontal plane (see Fig. 3.1). Two DC motors with optical encoders
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Figure 3.1: Manipulandum robot at Motion Research Group, University of Waterloo [42].
are connected to the parallelogram arm through two disc-and-timing-belt mechanisms [42]
(Fig. 3.1).
The outer arm is connected to an end-effector where the handholds are mounted. The
length of the links determines the work-space of the robot. The end-effector has a 6-
axis Force/Torque (F/T) sensor (ATI Industrial Automation F/T Sensor: Nano25) that
measures the interaction force between the robot and user (see Fig. 3.1) [42].
17
3.1.2 Computer Software
The interface of robot’s computer software includes Simulink/MATLAB which integrates
Quanser’s real-time control software (QUARC). Communication between the driver and
the application software is possible through TCP/IP and shared memory protocol. A
National Instruments DAQ card (PCI-6229) is used for reading the F/T sensor data. The
QUARC software supports and runs this DAQ card [42].
3.2 Inverse Kinematic Modeling
As a prerequisite for dynamic modeling and control implementation [123] (which are dis-
cussed in Chapter 4), the inverse kinematics equations for the position, velocity, and ac-
celeration of different joints of the manipulandum are derived with respect to the position,
velocity, and acceleration of the end-effector.
3.2.1 Position analysis
Figure 3.2 (a) depicts the top view of the robot. It should be noted that even though the
second actuator is not connected to the joint P where θ2 is shown, due to the existence of
a parallelogram the angular displacements can be easily verified to be the same. Referring
back to Fig. 3.2(a), position of the point P can be obtained by calculating the intersection

































(b) Inertia parameters. This figure is adapted from [42].
Figure 3.2: The kinematic and inertia parameters of the manipulandom.
length of the ith link. As shown in [5], the solution to this problem yields:
l2 =
(























where k̂ denotes a unit vector along z -axis, and re is the position of the end-effector.
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where î and ĵ are the unit vectors along x - and y-axis.
3.2.2 Velocity Analysis
Input-Output Jacobian
The position of the end-effector could be written as:
re = l2 + l4 (3.5)
By taking the time-derivative of Eq. (3.5), the end-effector velocity, ve can be obtained as:
ve = θ̇1k̂× l2 + θ̇2k̂× l4 (3.6)
where Equation (3.6) can be rewritten as:












The matrix Je is the Jacobian matrix of the robot which can also map the actuation torque
τ ,and the external force Fext acting on the end-effector as:
τ = JeTFext (3.9)
Link Jacobians
In this section, the relationship between the link velocities and the angular speed of the
actuators, (i.e., θ̇1 and θ̇2) are obtained. The resulting equations are used in formulating
the dynamic model. The velocity of the center of mass of the first link can be obtained as:
vC,1 = θ̇2k̂× r1 (3.10)
where r1 is the position of the center of mass of the ith upper arm. Also the angular
velocity of the first link can be obtained as:
ω1 = θ̇2k̂ (3.11)
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The velocity of the center of mass link 3 can be obtained as:
vC,3 = θ̇2k̂× l1 + θ̇1k̂× r3 (3.16)
The angular velocity of link 3 can also be obtained as:
ω3 = θ̇1k̂ (3.17)
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In this section, the relationship between the link acceleration and the angular acceleration of
the actuators, (i.e., θ̈1 and θ̈2) are obtained. The resulting equations are used in formulating
the dynamic model. By taking the time derivative of Eqs. (3.12), (3.14), (3.18) and (3.20),
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Several methods have been proposed for deriving the dynamic model of multibody systems
including the Newton-Euler formulation [31,122], the Lagrangian formulation [88,94], and
the principle of virtual work [4, 133]. The robot in this research is a parallel mechanism1
and for parallel manipulators, the principal of virtual work has been stated to be one of
1Parallel mechanism is referred to a mechanism that have one or more paths from ground to end-
effector [85].
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the most efficient approaches for the dynamic analysis [133]. Hence, in this paper, the
principle of virtual work is used for deriving the inverse dynamics of the manipulandum.
For the inverse dynamics problem, it is assumed that a desired path of the end-effector
is assigned and the problem is to determine the required input forces/torques to produce
that desired motion. To simplify the model in this research, the frictional forces and
torques are neglected, and the only change in virtual work is correlated with the applied
inertia forces/torques. If desired, friction can be included in a more complex robot model,










δXiTFi = 0 (3.28)
where τ = [τ1 τ2]
T represents the actuated torques and δθ = [δθ1 δθ2]
T is the column
matrix of virtual displacements of the actuators. In addition, Xi denotes the virtual
displacements of the ith-link. By using Eqs. (3.12), (3.14), (3.18), (3.20) and (3.7) δre and
δXi can be obtain as:
δre = Jeδθ (3.29)
δXi = Jiδθ (3.30)
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Substituting Eqs. (3.29) and (3.30) into Eq. (3.28) yields:
δθT (τ+ JeTFExt +
4∑
i=1
JiTFi) = 0 (3.31)




JiTFi = 0 (3.32)
Equation (3.32) can be rewritten in a standard form as:
M (θ) θ̈+ C(θ, θ̇) = τ+ JeTFExt (3.33)
Where M (θ) is a mass matrix, which is symmetric positive-definite and C(θ, θ̇) is the

















3.4 Model verification using MapleSim
The author conducted a simulation study to verify the obtained model. In order to do so,
for a desired trajectory, the actuator torques obtained from the proposed analytical model,
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Figure 3.3: Comparison between the actuator torques obtained from the obtained dynamic
model and those given by the adapted MapleSim model.
(i.e., Eq. (3.33)) are compared with those obtained from the adapted MapleSim model
from [42]. The computed and measured torques for the trajectory stated below are shown
in Fig. 3.3.
x(t) = −0.2 + 0.1 sin(10t)
y(t) = 0.3 + 0.1 cos(10t)
(3.35)
The maximum error was less than 9.8 × 10−3 N.m for the simulation performed, which
indicates the accuracy of the model. The parameters used for the analytical model, are
shown in Table 3.1.
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In this chapter, first, an overview of the robot system is given, focusing on its mechanical
design and computer software. Then, the kinematic and dynamic models of the robot are
presented. The dynamic model was obtained from the principal of virtual work and has
been verified using MapleSim software. The results have shown that the obtained dynamic
model is valid and will be further used in control implantation in chapter 4. The followings
are the contribution of the author in this chapter:
1. Deriving the dynamic model of the manipulandum rehab robot using the principal
of virtual work method.
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Among several challenges that are associated with the design of rehabilitation robots (e.g.,
the design of the mechanical structure, the actuator type, and the control strategies), the
control strategies is the most critical to create a more efficient rehabilitation robot [6,131].
The focus of this chapter will be on describing the controller developed through this thesis
research.
4.1 Motion Control
As mentioned in Section 3.1, rehabilitation robots provide two main modes of therapy, (i.e.,
passive and active) [6, 109]. Motion control (trajectory tracking) is usually designed for
the passive mode of training, which often aims to accurately follow the desired trajectory
within the workspace of the robot [6, 62] without considering the effort of the patient. In
this controller, the torques required for the desired trajectory have to be computed and
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applied to the robot’s actuators. These required torques are the control output of the
motion controller. In many cases, feedback from the joint sensors can be used to compute
the required torques . [25,108,121].
In order to calculate the required torque for a particular motion, one possible solution
is to use the dynamic equation as obtained in Eq. (3.33). Ideally, if the dynamic model
were completely accurate, the data obtained from the force sensor to measure the user’s
hand force were precise, and no disturbances were present, one could apply the obtained
torques from the model to follow the trajectory. However, computed torque control strategy
could be impractical for the real application due to the presence of an imperfection in the
dynamic model and the unavoidable disturbances [25]. This control strategy is called open-
loop control system, since the feedback from the sensors is not used and the controller is a
function of only the desired trajectory (θd), and its derivatives (θ̇d and θ̈d).
Generally, in order to create a high-performance control system, one may require to use
the sensor feedback [25]. Such control strategy that makes use of the feedback is called
a closed-loop control system. This feedback is often used to compute the tracking error
which could be obtained by calculating the difference between the desired and the actual
joint angles and the difference between the desired and the actual joint speeds:
e = θd − θ (4.1)
ė = θ̇d − θ̇ (4.2)
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4.1.1 Feedback Control
PID (Proportional - Integrative - Derivative) controllers are one of the common forms
of feedback control. PIDs were introduced in 1940 and have been extensively used in
industrial applications [1, 8]. The success of PID controllers is because of their simple
structure, robustness, and easiness of tuning their parameters. In this study, since the
steady-state error was not observed in simulation and experimental studies, the integral
term of the controller is not needed, and a PD controller was chosen instead of the PID
controller. The block diagram of the PD controller that is used in this research is shown
in Fig. 4.1
Figure 4.1: Block diagram of PD controller
In the diagram shown in Fig. 4.1, the inverse kinematics obtained in chapter 3 is used
to find the desired value of joint trajectories (θd) from the desired motion or trajectory of
the end-effector (rE). The measured actual joint angle values (θ) of the robot from motor
encoders are compared to its desired value to obtain the error vector (e). The PD controller
uses this error information to generate suitable commands for the actuators to minimize the
tracking error. The controller is designed based on the joint space error obtained from Eq.
(4.1) and is implemented in the joint space. The output of the controller is the actuator
torque (τ), which is also represented in the joint space. The controller command consists
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of:




where Kp is the proportional gain and Kd is the derivative gain.
The design of the PD controller usually does not require dynamic analysis and is rela-
tively easy to implement [116]. Choosing the proper gain for the PD controller is necessary
to keep the performance of the system. Manual tuning, trial, and error, Ziegler-Nichols
method, or model-based methods [62] are some of the common approaches for tuning the
controller gains. Usually, the final controller gains are calculated as a trade-off between
steady-state errors and transient response. Because of the nonlinear nature of robotic sys-
tems, the gains are usually tuned for a home configuration of the robot. So depending on
the distance from the home configuration, the performance of the designed controller could
vary. This makes the tuning process a difficult task [116]. Marcia et al. [92] controlled
a RiceWrist to have a motion control using the traditional fixed gain PD controller and
found that the performance of this controller is dependent on the selection of its proper
PD gains and for different configurations, the performance could vary substantially.
4.1.2 Feed Forward - Feedback controller
One method to circumvent the problems of PD controllers which are the result of the
nonlinear behavior of robotic systems is including the dynamic model of the system inside
the control loop. Using the inverse dynamic model could eliminate the challenge due to
non-linearity by providing estimated required torques as shown in Fig. 4.2.
In this method, due to the presence of the dynamic model, the error will be configuration
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Figure 4.2: Block diagram of feed forward - feedback controller
Figure 4.3: The block diagram of the simulation study in Simulink.
independent and therefore, it is easier to tune the PD controller gains to work well within
the whole workspace of the robot [116].
4.1.3 Simulation Studies
The main blocks of the simulation are depicted in Fig. 4.3. A PD controller with Kp = 2
and Kd = 0.2 was used in the simulations. The gains were obtained by using the PID
tuner toolbox of Matlab. To make the simulations more realistic, a saturate block was
used to limit the actuation torques. Based on the mechanical transformer’s gear ratio
and the maximum continuous torque of the motors reported in [42], the maximum output
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torque was calculated to be 2.2 N.m. A feed-forward gain is used to switch between the
feed-forward-feedback approach (with gain equal to 1) and pure feedback controller (with
gain equal to 0). The simulation results are shown in Fig. 4.4. The trajectory was a
circular path and the controllers aimed to precisely follow the desired path. The errors in
the X and Y direction are shown in Fig. 4.5.
4.1.4 Results and Discussion
As can be seen in Fig. 4.5, the error in both X-direction and Y-direction is better in
Feed-Forward-feedback controller compared to the pure feedback controller.
















Feed Forward - PD
PD
Desired Trajectory
Figure 4.4: Trajectory tracking comparison between feedback and feed forward-feedback
controller
Motion control is appropriate when the purpose of the therapy is just tracking a specified
trajectory where patients are weak and passive training is needed [109]. For example,
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Feed Forward - PD
Figure 4.5: The trajectory error of the proposed controllers
patients with more severe impairments are more likely to benefit from motion control since
the real need is to enhance the range of motion rather than function. Motion control is
also relatively simple to implement in the robot.
However, motion control is time-dependent, meaning that the robot will force the pa-
tient’s hand to be in a certain location. In some cases, where the interaction of the patient
is required, this may not be appropriate since it does not provide timing freedom for pa-
tients to perform the reaching task. Patients with mild or moderate impairment often need
to be engaged in exercise [6,22] and not to be forced to be in a specific position at a specific
time.
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In addition, motion control is path independent, meaning that if the patient does not
complete the reaching task in a given time, the robot forces the patient to reach the desired
target without considering the specified desired trajectory.
4.2 Force-Field Control
The force field control method is one of the approaches that could solve the problems
associated with motion control discussed in the previous section. Unlike motion control,
this method provides the timing freedom to perform a reaching task [10,11,111].
Adaptation using force field and its after-effect has been studied for different types of
force-fields, including position, velocity, and acceleration-dependent force fields [17, 24, 36,
40,106], curl fields that produce perpendicular forces to the velocity of the hand [40], and
Coriolis forces which result from moving in a rotating room [69]. Studies involving force
fields are usually conducted using a robot arm (robotic manipulandum) [106].
Force-field adaptation could be a possible method for rehabilitation that may lead to
beneficial after effects. This may be true if stroke patients can adapt to the new environ-
ment with the presence of disturbance force fields. Patton et. al. [96] tested the force-field
method on 18 stroke patients. The method was to push the patients’ hands proportionally
to its speed and perpendicularly to its motion direction. They found that the resistive
mode of therapy could be more effective compared to the assistive mode.
Most of controllers that are implemented using force-field methods usually cannot be
tuned to suit a specific patient due to their fixed set of control parameters [9, 74, 113].
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Subject specific controller can help to achieve a desirable performance for each patient [113].
In this research, a novel force-field control algorithm is proposed for a manipulandum robot
available in the Motion Research Group at the University of Waterloo (Fig. 3.1) which is
followed by proposing a subject-specific algorithm that can adjust the control parameters
based on each given patient.
4.2.1 Methodology
As each stroke patient is affected differently, each requires treatment that is best tailored
for him/her, therefore the robot should be able to adjust the path and intensity of exercises
according to the patient.
In the literature, two different types of stroke patients are identified during a reaching
task [64]:
1. Patients who make fast movements but aim poorly.
2. Patients who aim well but move very slowly.
The patients categorized in the first group have the power to move their hand, but
the coordination of the muscles are poor which may represent itself in high lateral error
in point to point reaching tasks. On the other hand, the second type of patient has good
muscle coordination, but the muscle force is not enough to perform the task in a given
time. In order to address each type of patient, two main novel force fields were proposed
in this research as follows:
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1) Force field along the desired trajectory (Channel field): As shown in Fig. 4.6, de-
pending on the type of exercise, this field helps or challenges the patient to stay on the
desired trajectory. The patients in the first category may benefit from this field. This field
was modeled as:
Fc = Mc tanh (Kc ‖Rej(rsg) (r− rs)‖ /Mc) êc (4.4)
where rsg denotes the vector connecting the starting point to the goal point, Mc is the
maximum value of the magnitude of this field, Kc is the stiffness of the field, r is the
current position of the hand, rs is the position of the starting point and Rej(rsg) is called






The vector rejection of vector a on b is illustrated in Fig. 4.7. Also, êc is the unit





The hyperbolic tangent (tanh) has been used to impose a saturation to the magnitude of
the force.
2) Force field toward the target (Radial field): This field, as depicted in Fig. 4.6, will
apply force towards the target. In the assistive mode, by adding this field, a helping force













Figure 4.6: An illustration of the defined force fields. Red field denotes the radial force
field toward the target and the green field represents the channel trajectory field. The blue




Figure 4.7: The vector rejection of vector a on b.
reaching task more challenging. This field may help the patients categorized in the second
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group. This field was modeled as:
Fr = Mr tanh (Kr ‖rg − r‖ /Mr) êr (4.7)
where Mr is the upper limit of the magnitude of the force and Kr is the stiffness of the





In addition to the aforementioned force fields, a damping force was considered to help with
system stability, which can be obtained as:
Fdamp = −C ṙ (4.9)
where C is the damping coefficient.
4.2.2 Subject-Specific Adaptation
Ideally, a rehabilitation robot should be able to adjust the provided assistance in therapy
sessions based on the subject’s performance and ability [137]. In this section, an adaptive
algorithm was proposed to automatically adjust the introduced force fields.
The stiffness of the force fields were selected as the variables for adaptation. By changing
the stiffness of the fields, the strength of fields can be adjusted. Greater value of stiffness
results in more assistance or resistance. For example, patients who have great lateral
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error should get more assistance in the lateral direction so the adaptation rule should
increase the stiffness of the channel field, (i.e., Kc), for these patients. Similarly, patients
who have difficulty in reaching to the goal should get more assistance towards the goal
position which is possible by increasing the stiffness of the radial field, (i.e., Kr). The
following mathematical formula was proposed as the adaptation rule to encapsulating the
aforementioned requirements:










where Kc,0 and Kr,0 are the initial stiffness values and Cc and Cr are constant gains for
regulating the sensitivity of the change of stiffness values to the errors. Furthermore, a
forgetting factor, (i.e., 0 < λ < 1), was used to give less weight to older error values and
make the adaptation more sensitive to the recent outcomes. Channel error ec and radial
error er have been depicted in Fig. 4.8.
4.2.3 Simulation Studies
This section presents a simulation study that was performed to evaluate the effectiveness
of the proposed force field-based method.
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Figure 4.8: Representation of channel and radial error
Model of the patient:
In this research, due to COVID-19, access to real patients was not possible. Hence, to
evaluate the algorithms, a mathematical model of motor control of post-stroke patients
was derived. Shadmehr et. al [106] proposed a human motor control model for healthy
subjects. In this model, it is assumed that the subject has proportional-derivative feedback
which can be obtained as:
ufb (t) = Peg +Dėg (4.12)
43
where P and D are the proportional and derivative gains, and eg (t) = rg (t)− r (t) is the
difference between the desired and current hand position at time t. Furthermore, they
realized the feedback controller does not fully match with the motor control of humans due
to the inherent delay in feedback signal to the brain. So they added a feed-forward term
to the model. This feed-forward command is modeled as:
uff
n (t) = αufb
n−1 (t) + (1− γ) uffn−1 (t) (4.13)
where α and γ are respectively, constant weights determining the contributions of previous
feedback and feed-forward commands on the current feed-forward command.
In this research, based on the movement disorders after stroke reported in [12], which
mostly involve involuntary sustained contraction or twitching of muscles, a constant dis-
turbance command was added to the motor command denoted by ustroke. Hence the total
control command for post-stroke patients in this research was modeled as:
u(t)n = ufb(t)
n + uff (t)
n + ustroke (4.14)
where u is the force of the hand applied to the end-effector.
The simulations were executed in MATLAB Simulink. A general schematic of the
block diagram of the simulation is provided in Fig. 4.9. In addition, a screenshot of the
simulation environment is depicted in Fig. 4.10. Referring back to Fig. 4.9 there are
two inputs to the robot: the first input is the designed force-field which is mapped to the

















Figure 4.9: A schematic of the block-diagram of the simulation.
Figure 4.10: The SimScape model of the Manipulandom robot.
input is the external force on the end-effector from the patient, (i.e., u). The objective
of the simulation result was to compare the effectiveness of the force fields in the assistive
and resistive mode of therapy. In the simulation, the task was to complete a reaching
movement from a starting point to an endpoint. The simulated therapy sessions consisted
of three phases:
1. First, the patient did 2 trials without involving the robot (Null field).
2. Then, 6 trials were done by adding the proposed force fields using the robot.
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3. Finally, similar to the first phase, 2 trials were done without robot intervention (Null
field). By comparing the performance of the subject in this phase and the initial
phase, the effectiveness of the therapy can be evaluated. The patient model has been
trained in the exercise and as can be concluded, the result of this phase is different
than the first phase of training.
4.2.4 Results






















Field is not engaged
Field is engaged
Figure 4.11: Error in x -direction vs trials number for different fields.
For all of the simulations, the starting point is rs = [−0.31 0.375] (m) and the target
point is rg = [0.4 0.375] (m). The results of the simulations are shown in Fig. 4.11, Fig.
4.12 and Fig. 4.13. By looking into Fig. 4.11 and Fig. 4.12, one can observe that the
patient has the best performance during therapy in assistive mode but after therapy the
same subject will have the worst performance compared to two other therapy modes, (i.e,
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Field is not engaged
Field is engaged
Figure 4.12: Error in y-direction vs trials number for different fields.
null field and resistive field). On the other hand, for the resistive mode the patient has the
worst performance during the therapy, while the performance after the therapy is better
compared to the other two.
The same conclusion could be made by inspecting Fig. 4.13, which depicts the trajec-
tory of the hand during different trials. This phenomenon could be explained by considering
the feed-forward command of the patient; as it is apparent from Fig. 4.13, more resistance
during therapy will result in more position error and consequently, more feedback gain
and eventually greater value of feed-forward gain. The high value of feed-forward gain will
help the patient to reach the target easier after the resistance field is removed. Better
performance after resistance mode of training has also been observed experimentally in a
study by Patton et al., [96], which indicates that resistive modes of training have more
impact on the motor function recovery of the stroke patients [38,96].
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Figure 4.13: Effect of different types of fields on the performance of the simulated patient.
The green dashed line indicates the estimated performance of the patient before therapy.
Solid blue lines represent the simulated hand trajectory during therapy and the dotted red
lines are the final performance after the therapy.
4.3 Discussion
In this chapter, two methodologies, namely, motion and force-field control, were proposed
and investigated to control the manipulandum robot for rehabilitation purposes. The mo-
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Figure 4.14: The proposed control scheme based on the severity of the stroke. The category
of severity of the stoke is taken from [45]
.
tion control algorithm can precisely follow a prescribed time-dependent trajectory whereas
the force-control method will only provide assistance (or even resistance to introduce extra
challenge) to the patient to do the task rather than forcing the movement. Each method
could have benefits depending on the type of patient and the severity of the impairment of
motor control due to stroke. For example, as mentioned above, patients with more severe
impairments are more likely to benefit from motion control since the real need is to en-
hance the range of motion rather than function, therefore motion control is likely of more
benefit for those types of patients. For less severe patients with a decent-to-good range of
motion, the goal is to promote motor function (or skill motor learning); in this latter case,
a force-field may be more beneficial for promoting motor functionality. Fig. 4.14, depicts
the possible usage of each algorithm depending on the patient type.
In addition, a novel adaptive algorithm was proposed for fine-tuning the proposed
force-field parameters based on the performance of the patient during the therapy. The
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effectiveness of the adaptation rule will be evaluated on real patients in the future. By
considering that during the time that this research was conducted, access to a real stroke
patient was not possible due to COVID-19, a simulation study was established to perform
a preliminary evaluation of the performance of the algorithms. To do so, first, a motor
control model of post-stroke patients was proposed. Then, by making the virtual patient
go through a therapy session, the algorithms are evaluated by comparing the performance
of the patient before and after the therapy. It was observed that the force-field algorithm
has a positive effect on the motor control recovery of the virtual patient. Furthermore,
the simulation results also indicated that the resistive mode of therapy would result in
better outcomes after the therapy which agrees with observations in experimental studies
by other researchers [38, 96].
The results were limited by the accuracy of the patient model and as future work, the
effectiveness of the proposed algorithm has to be further investigated in both resistive and
assistive mode by implementing the algorithm on the robot and testing it on real subjects.
It should be noted that the conclusions made here are based on the assumption that the
patient model provided in Section 4.2.3 is close to the behavior of a real stroke patient. For
future studies, it is a hope to test these different modes of therapy on real stroke patients.
While this study proposed that a given patient may benefit from exposure to the force
fields, it is worthy to mention that straightness of the hand trajectory may not be a key
goal of therapy, this has been stated by Patton et. al [96] and the feedback from the
therapists who participated in different stages of this thesis. In addition, stroke patients
may have a slower rate of learning compared to the healthy subject, which might affect the
patient model. Also, the psychological effects of the therapies on the patient may affect
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the performance of the patient, which is not studied in this research.
4.4 Conclusion
In this chapter, two control strategies, namely, motion and force-field control, was proposed
and implemented to control the manipulandum rehabilitation robot showed in Fig. 3.1.
In addition, a novel subject specific adaptive algorithm was proposed for fine-tuning the
force-field control parameters.
The followings are the contribution of the author in this chapter:
1. Designing and implementing a motion controller for an upper limb rehabilitation
robot using feedback and feed forward-feedback controller.
2. Designing and implementing novel force-field controllers (e.g., radial and channel
fields) in two main modes of rehabilitation training, (i.e., assistive and resistive).
3. Proposing a stroke patient model and evaluating the performance of the model in
simulation studies.




Collaborative Design of a Graphical
User Interface
5.1 Overview
In order to interact with robot-assisted therapy, therapists need to have access to a User
Interface (UI). The UI is how human users interact with hardware (e.g., a computer or
a robot) and software (e.g., a website or application); touch screens, and keyboards are
examples of UI. A Graphical User Interface (GUI) is a user interface that enables people to
have interaction with electronic devices through graphical icons [100]. An appropriate GUI
that enables therapists to control the robot is a key element of the potential usability of
robot-assisted therapy in rehabilitation. A good GUI could facilitate user-robot interaction
during the treatment session [60], including what, how, and when feedback is provided.
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Most of the research related to robot-assisted therapy has not investigated the design of
the GUI and GUI development and user involvement in its design often does not appear to
occur in the research [59]. Huq et al. [53] developed a portable upper limb robotic system
similar to the robot used in this research and they evaluated their system along with its GUI
with seven therapists in a focus group study. They found that the GUI needs improvement
by adding assistance and resistance force levels to represent more real-world force levels
that are realizable by the therapists and patients. They further found that the GUI needs
improvement to meet the patient’s visual impairments and to provide a useful format for
the performance evaluation data for further analysis [53]. The purpose of this second
portion of the thesis is to work with therapists to design an intuitive GUI for therapists
to enable them to control a robot for supporting post-stroke upper-limb rehabilitation and
to enable them to provide objective information on patients’ performance. By involving
therapists in the design of the GUI and by reflecting on their needs and preferences, it is
anticipated that the resulting GUI for controlling the robot will be more intuitive for them
to do [100].
The GUI design research was executed in six stages as follows and are described in the
following subsections in greater detail:
1. Constructing the initial GUI interface mock-up using MATLAB app designer and
PowerPoint.
2. Evaluating the initial version of the mock-up by eliciting therapists’ opinions regard-
ing the features and elements of the GUI through semi-structured interviews 1.
1Semi-structured interviews are balanced between questions with standardized format and fixed and
open-ended response options. [105]
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3. Analyzing the qualitative data using an affinity diagram 2 to capture the therapist’s
feedback and needs.
4. Revising the GUI based on therapists’ feedback.
5. Conducting a second interview to show the revised version of the GUI to therapists
and receive their another round of feedback.
6. Summarizing the key findings and recommendations in main topics and expose the
disagreement among participants.
5.2 Initial GUI Design
The initial GUI was designed based on reviewed literature, research team expertise, and a
consultation with an occupational therapist academic who previously designed a GUI for
the similar model of robot used in this research (but with a different controller and end
effector) [21, 52, 53, 56, 57, 59, 75, 135]. The GUI has two main tabs (screens), the exercise
adjustment tab (Fig. 5.1) and the performance evaluation tab (Fig. 5.3).
1. The exercise adjustment tab consists of:
(a) The robot and patient work-space: This panel is located on top left on Fig.
5.1 where therapists and patients are able to see the work-spaces of the robot
2The affinity diagram is a popular and powerful method for performing qualitative data analysis and
organization [49,61,93].
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Figure 5.1: Exercise adjustment section of initial GUI design
Figure 5.2: Exercise adjustment section of the revised GUI design. The red boxes and
numbers indicate the changes that have been made to the revised GUI.
and the patient (i.e., where each can reach in the different regions of the work-
space) during the rehabilitation session. The patient work-space represents the
patients’ maximum reach space and will be updated based on each patient. The
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idea of having a robot and patients work-space was inspired from the previous
study by Huq et al. [53]. They used the patient and robot work-space for visual
feedback where patients and therapists can see the maximum space that the
robot can cover and the maximum space that patients can reach within the
robot work-space.
(b) The assign objects panel: This panel allows the location of the starting position,
targets, and obstacles to be defined by the therapist. The procedure of assigning
objects is as follows: first, therapists select the initial position where the patient
should start the exercise, obstacles where the patient should avoid the different
regions of the work-space like internal rotation, and finally the targets where
the patient should reach to. The idea of having an initial position and a target
position for a rehabilitation exercise was inspired from the previous studies by
Hung et al., and Keller et al., [52, 57], the obstacles have been added to this
section as a new feature. This means that instead of using the channel force field
mentioned in Chapter 4, the obstacles have been used to provide more freedom
for patients to move their hands within the work-space. Obstacles are being used
for motion guidance (via force field) and they are the same objects as targets;
based on provided force fields, their functionality can be changed. To the best
knowledge of the author, this feature has not been studied in any previous
research. Each of the objects (i.e. initial position, targets, and obstacles) was
defined with different colors and shapes, which can be adjusted using the color
setting button. Some patients are color blinded or have a vision impairment, so
having an option to change the color and shape may help during the exercise
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adjustment [53, 59]. The time constraint for reaching the targets added to the
GUI after obtaining the initial feedback from one occupational therapist prior
to the interviews.
(c) The Force strength adjustment: In the exercise, each target and obstacle have a
force around them; if an attractive value is put on the slider, the target/obstacle
will have attraction effect and a repulsive effect if a repulsive force is set. The
force around targets and obstacles can be adjusted two ways: 1) using a slider or
2) using a numerical down/up in the force strength adjustment panel. If thera-
pists select zero for targets and obstacles in the force strength mode adjustment,
the robot will not assist or resist patients’ movements.
(d) The force strength mode panel: If therapists prefer the manual mode of therapy,
they can adjust the strength of the forces manually in the force strength ad-
justment panel. If they decide to use the automated mode the robot will adjust
the parameters based on the patient’s performance from previous sessions. In
addition, there is a semi-automated mode where they can increase or decrease
the level of difficulty of the session compared to the previous sessions.
(e) The help button: This button is located at the top right. It explains every
component and its functionality.
(f) The Robot status panel: In this panel, there is a lamp that indicates the robot’s
status, so if the robot is working the green lamb is on, if the robot is waiting
for a command, the yellow lamp is on and if the robot in its stop mode, the red
lamp is on.
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(g) At the end therapists have access to three buttons for starting, pausing, and
ending the exercise.
2. The Performance Evaluation tab: In this tab, therapists are able to have a per-
formance evaluation report of the current patient or they can load another patient’s
data. The performance evaluation consists of:
Figure 5.3: Performance evaluation section of initial GUI design
(a) The trajectory smoothness, which is measured as a function of changes in the
end-effector’s motion direction, specifically the least amount of deviation from
the optimal trajectory toward the target. Lower smoothness value will be as a
result of frequent changes in motion direction [53].
(b) The speed of the hand is the same as the speed of the end-effector [53], has been
stated to be an important requirement in assessing the patient’s performance
during rehabilitation [56].
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Figure 5.4: Performance evaluation section of the revised GUI design
(c) The error or (deviation) from the optimal trajectory towards the target [53].
(d) The hand speed smoothness indicates the smoothness of the hand speed (i.e.,
jerkiness of the hand movement) 3. The occupational therapist who provided
input stated that the efficiency of hand smoothness is important, however, ther-
apists are not interested in temporarily jerky movements, therefore they may
want to look at the speed smoothness.
(e) The mobility range indicates how far a patient can reach. Mobility range as-
sessment is an essential part of post-stroke rehabilitation [21,135].
(f) The percentage of targets reached and obstacles avoided is the percentage of
targets reached and obstacles avoided out of the numbers of assigned targets
3The jerkiness of the hand movement is quantified by obtaining the derivation of the acceleration in
the duration of movement [102]
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and obstacles.
(g) The total exercise time starts when the patient starts the exercise and finish
when the patient end the exercise. The exercise time has been previously used
in motor measurement [75].
After each session or in between them, therapists are able to download a PDF report
of the information stated above for further data analysis.
5.3 First Interview
5.3.1 Method
Participants were recruited via a recruitment email that was sent out via the project team’s
networks and colleagues. This study received approval from the University of Waterloo’s
REB (Study Humans: 42508 “Collaborative design of a Graphical User Interface (GUI)
for an upper extremity rehabilitation robot: Interviews with therapists”).
The inclusion criteria for this study were:
1. Be a rehabilitation therapist.
2. Have a minimum of 1-year experience in stroke rehabilitation.
3. Be able to provide informed consent.
4. Be willing to allow the audio to be recorded for future data analysis.
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5. Be able to communicate fluently in English
Prior to the interview:
1. Participants were recruited via email.
2. Participants were emailed an information sheet about the study. They were asked to
let the student researcher know within two weeks if they were interested.
3. Participants who confirmed they were interested in participating were emailed a link
to a zoom call at a mutually convenient time.
On the day of interview: One-on-one semi-structured interviews were conducted where
open-ended questions were asked to guide the discussion between the student researcher
and the participant. Semi-structured interviews are widely used in guided qualitative
research [30]. The protocol guiding the interview was as follows:
1. The interview session began with the researcher verbally administered the consent
questions (Appendix A) and demographic from (Appendix B) and record responses
through a Qualtrics form that the researcher filled out using the person’s ID code.
2. The interviews were recorded and were qualitatively analyzed by the research team
to help the researcher improve the prototypes. Note: Only the screen along with the
audio were video recorded (i.e., no faces or surroundings were captured).
3. Each interview session was 1.5 hours or less, including the study time and question-
naires.
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The interview protocol for the first stage:
The interviews were conducted via zoom video using the following steps:
1. Introduction, getting to know each other, setting up the recording.
2. Explaining the purpose of the interview and the expected duration of the interview.
3. Presenting an introduction about the rehabilitation robot and its controller and ask-
ing participants if they have any questions; this has been followed by presenting the
prototype GUI (Fig. 5.1 and Fig. 5.3).
4. Working through the open-ended questions outlined in interview questions (Appendix
C)
5. Thank the participant for their participation, answering any questions they may have.
After obtaining the feedback from therapists, the research notes were used to create an
affinity diagram to extract ideas for guiding revisions to the initial GUI design [117]. The
affinity diagram is used for grouping the ideas and is a popular and powerful grouping
method for performing qualitative data analysis and organization [49,61,93]. This method
originally was introduced by Kawakita and has been used in brainstorming and planning
[55], the method further adapted to analyze interviews and observational data [15]. The
affinity diagramming method is usually performed with minimal support of technology,
and the items/notes to be sorted are organized in a team-based on their affinity and are
often recorded on sticky notes [49,50]. For this research, the affinity diagram method was
used to analyze interviews and the video recordings [15]. The ideas were grouped into
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Figure 5.5: Affinity diagram created using Miro for the data from the first stage of inter-
views. The sticky note colors reflect individual therapists.
themes to reduce the feedback into similar and smaller groups of data, which helped in the
data analysis and identification of key feature and function changes. Due to COVID-19
in-person meetings were not possible, therefore the research team used Miro (i.e., Miro is
an online visual collaboration platform) to group the ideas based on their affinity. The
final affinity diagram for the first stage of the interview is shown in Fig. 5.5.
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5.3.2 Results
Five therapists participated in this research. They were physiotherapists (n=2), occu-
pational therapists (n=3). The experience of participants regarding stroke rehabilitation
ranged from 5 to 29 years (average = 13 years). The gender for all therapists was female.
None of the participants had prior experience with rehabilitation robots. This convenience
sample size aligns with those that have been used in similar research studies [26,53,114].
The 170 ideas extracted from the interviews were categorized into four main groups
through the affinity mapping using Miro: 1) Feedback on current GUI design, 2) Patient
Evaluation, 3) Ideas for future designs, and 4) How to use the robot. The elements of each
theme along with key points and insights from the therapists are discussed below.
FEEDBACK ON CURRENT GUI DESIGN
Overall Design: All of the therapists liked the design of the GUI, they felt that the
interface was intuitive and easy to use and navigate.
Color:
1. While all of the therapists liked the colors used for the GUI, they all mentioned that
the setting button for changing the colors and shape of the objects is needed as some
patients have vision impairments. In addition, they all mentioned they would like to
see the targets with different colors.Also, three therapists mentioned they would like
to have the red color for the obstacle.
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2. Two therapists mentioned they would like to use an interface with a darker back-
ground as they do not want to work with a white or bright color background all
day.
3. Two therapists mentioned they would like to see more color contrast for the patient
and robot work-space.
Graphs:
1. Two therapists wanted the graph information always displayed in the performance
evaluation tab and three therapists stated that they want to see this information
only when they click the help button.
2. Two of the therapists wanted to see the plots and numbers bigger.
3. Three of the therapists wanted the graph information to be displayed with different
colors.
Fonts: All of the therapists mentioned the fonts are easy to read.
Force-fields:
1. Three therapists mentioned the force-fields were hard to understand without using
the robot first-hand. They wanted to see a more functional way to represent the
force-fields like the way of comparing the force strength to pushing a real object
in their everyday life. However, two therapists mentioned the comparison method
would be hard to document and it is subjective based on each patient using it.
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2. Four therapists mentioned they want to have different forces for different targets and
obstacles to enable them to target different muscle groups. However, they mentioned
having different forces for different objects is time-consuming to set up.
Therapy Modes: The therapists were presented with three conceptual modes: 1) Manual
where the therapists adjust everything and values are static until the therapists changes
them; 2) Semi-automatic where therapists adjust the level of the difficulty of the session
relative to the previous session, and 3) Automatic where the robot adjusts the parame-
ters based on the patient’s performance from the previous sessions. Three therapists liked
the idea of the automated mode of therapy, however, they mentioned they would not use
this mode as they do not trust the robot with applied forces to work with patients alone.
They mentioned they will mostly use the manual mode and sometimes they will switch
to the semi-automated mode where they can still have some control over the robot. Two
therapists mentioned that full manual mode may take time to adjust all the parameters
and this could make it difficult to even provide the initial parameters’ adjustments since
there is no predetermined or predefined systematic approach to it. One of the therapists
mentioned that the semi-automated is good because they can compare its numerical data
with the previous session.
Time-constraint: Three therapists mentioned the time-constraint is good to use based
on the patient’s cognition level and exercise. On the other hand, two therapists mentioned
using time-constraint is not good as the patients tend to rush and not use their best posi-
tion of body mechanics and proper postural balance.
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Initial Position: All of the therapists mentioned they want to set up the initial posi-
tion themselves each time based on the practice that they want to have and the muscle
group they want to work on. Moreover, two therapists mentioned if there is a default po-
sition for the initial position, they prefer to see it close to the patient and probably on the
right of their mid-line (for right arm hemiparesis patients) to facilitate the external rotation.
Obstacles: All of the therapists liked the idea of having obstacles for inhibiting the com-
pensatory motions; they mentioned avoiding the internal rotation is one of their biggest
concerns, and with obstacles, the patients are able to avoid the internal rotation. They
further mentioned having obstacles will help in the objective measurements, and as time
passes, they would reduce the forces around the obstacle and they will see the result.
PATIENT EVALUATION
Not Useful:
1. All of the therapists stated the hand speed smoothness is not necessarily important.
One of the therapists mentioned if the hand speed is not smooth, the trajectory will
not be either, and the trajectory smoothness is more important than the hand speed
smoothness.
2. Two therapists mentioned the speed information is not useful because if a patient’s
trajectory is not smooth, the therapist would want to slow down the movement so
the patient has a better chance of maintaining the quality of the movement. In other
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words, therapists felt the quality of the movement is more important than the speed
of the movement.
3. One therapist stated that error information is not valuable because each patient
moves their limb differently and the straightest path may not be necessarily the goal
of therapy for each patient.
Usefulness:
1. All of the therapists stated that the mobility range and smoothness of the hand are
the most two important performance evaluations.
2. The objective measurement was valuable for the therapists, they stated that they
could use the information of the trajectory smoothness , error, mobility range, and
speed for quantifying their data and documentation. The objective information could
help them in understanding patient performance and providing feedback to interact
with their patients.
3. All of the therapists wanted to see the percentage of targets reached and obstacles
avoided; one therapist mentioned the percentage of target reached is more important
than the percentage of obstacles avoided.
Unclear: Speed smoothness was confusing for all of the therapists. One of the therapists
was not sure about the difference between the error and the trajectory smoothness. In
addition, one therapist had a problem identifying the percentage of targets reached.
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IDEAS FOR FUTURE DESIGNS
Ideas for patient evaluation:
1. The exercises should be functional; they should represent Activities of Daily Living
(ADL) and the physiological terminology of the rehabilitation practices (e.g., flexion,
extension, abduction, and adduction).
2. One of the therapists stated that she would like to see the number of times the patient
reached a target and which target it was. In addition, she prefers to see the number
of times the patient could reach the initial position without assistance. She further
stated that having the performance evaluation on the way back from a target to the
initial position is also important.
3. Two of the therapists mentioned that they prefer to run an initialization to iden-
tify the boundaries of the work-space before adjusting the exercise to determine the
potential work-space of the patient and then adjust the exercise based on that.
4. Three of the therapists preferred to see the real-time of the actual trajectory and
the desired trajectory and they wanted to compare those trajectories together. They
preferred this option to be hidden if they do not want to use it and to be shown if
they want to see it. One therapist wanted to see the trajectories only at the end of
the session.
5. Two therapists mentioned they want to see the information represented as numbers
in addition to graphs so they could compare the performance and use numbers for
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the documentation. They also wanted to see the applied force strength numbers at
the end.
Preset programs: All of the therapists stated that they want to have preset programs
that they could load and adjust. They preferred to see these presets as a way similar to
represent the ADL and the physiological terminology of the rehabilitation sessions. This
would save time for them and makes the interface more user friendly.
Other functionalities:
1. One of the therapists mentioned that she would like to see what joints have been
involved during the session and what was the muscle activation. She stated that
usually in a rehabilitation session they want to engage all of the joints (i.e., wrist,
elbow, and shoulder).
2. One therapist mentioned having an option to capture the posture is very important
and can help therapists during the session.
3. Two therapists stated that they want to see the start, pause, and end exercise buttons
close to the force strength mode, as that would be more obvious for them and it is
easier for them to access it.
4. One therapist wanted the plots to be bigger if she clicks on them.
The work-space: Therapists preferred patients to see only “the robot and patient work-
space” and not the rest of the screen, since it was thought that the other information would
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be confusing for patients.
HOW TO USE THE ROBOT
1. One therapist mentioned that when using the robot, she will make sure that there
is a good balance between voluntary movement and the assistance coming from the
robot, as she does not want the robot to be dominant all the time, neither the patient.
2. All the therapists mentioned that patients should have certain muscle activation to
be able to work with the robot, they further stated that severely affected patients
cannot work with the robot (because of the form-factor of the robot, not the GUI).
In addition, they mentioned they will not usually do the planar movement a lot of
time, instead, they do some other movements like inclining and moving their arms
around in the different areas of the space.
3. Three therapists mentioned they would want to see the patient to move the end
effector forward and backward to activate some muscles and then assign targets and
obstacles for them.
5.4 Revised GUI Design
The GUI was revised based on the feedback from the first set of interviews. The recom-
mendations received from therapists that were possible to implement were incorporated
into the design. The five most significant changes were:
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1. Robot and patient work-space colors were changed to have higher-contrasting colors.
The space in the 1 rectangle in Fig. 5.2 shows the changes.
2. Targets with multiple colors were added in the exercise adjustment section of the GUI,
as shown in the 2 rectangular shape in Fig. 5.2. Therapists stated they can navigate
the patients through the targets using targets of different colors better compared to
the situation that they have numbers on targets.
3. Color of obstacles was changed to red in the exercise adjustment section of the GUI
as shown in the 3 rectangular shape Fig. 5.2. Therapists mentioned they would like
to have obstacles red, as this color represents an object that patients should avoid.
4. Speed smoothness was removed from the performance evaluation section of the GUI
as all the therapists stated that the data of speed smoothness was not useful for
them. The updated version is shown in Fig. 5.4.
5. The current patient and load patient buttons were removed from the performance
evaluation section. Instead, the current session, previous sessions, and a summary
of all sessions buttons were added as seen in the 5 rectangular shape in Fig. 5.4. In
the updated version, therapists have access to the data of the current session or they
can choose the session data from the previous sessions button. Additionally, they
are able to obtain summary data of all the sessions. Two therapists suggested the
new buttons (i.e., the current session, previous sessions, and summary of all sessions
buttons), and the buttons were added to further investigation with other therapists
at the revised stage of the interviews. The updated version is shown in Fig. 5.4.
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5.5 Second Interview
The interview questions guiding the second stage of interviews (outlined in Appendix D)
were constructed based on the data received in the first stage of interviews and to capture
data that explores the appropriateness of the revised GUI.
5.5.1 Methods
All of the five participants who participated in the first stage of interviews participated in
the second stage of the interviews.
Interview protocol for the second stage: One-on-one semi-structured interviews
were conducted using zoom video conferencing where open-ended questions were asked to
guide the discussion between the student researcher and the participant. The interviews
were conducted using the following steps:
1. The student researcher explained the purpose of the interview and the expected
duration of the interview.
2. The student researcher presented a short overview of the robot and the revised pro-
totype GUI (Fig. 5.2 and Fig. 5.4), set up the recording and asked the participants
if they have any questions.
3. The student researcher and participants worked through the open-ended interview
questions (outlined in Appendix D)
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4. Participants were thanked for their participation and any final questions they had
were answered.
After obtaining the feedback from therapists, excerpts from research study notes were
sorted into two categories: 1) concepts therapists were agreed on and 2) concepts therapists
were not agreed on.
5.5.2 Results
Concepts extracted from the second interviews that all five therapists agreed on were:
1. They liked the colors used for targets, obstacles, robot, and patient’s work-space in
the revised version of the GUI. However, one of the therapists stated that it might
be hard to see the initial position object on the patient’s work-space, as they both
have a green color.
2. An ideal trajectory from one target to another target is a straight path (rather
than a curved path). Therapists stated that the curved trajectory shows the muscle
weakness if it is unintentional and if the curvature is intentional it requires more
motor control.
3. As stated in the first stage of interviews, therapists preferred the patient to see only
the robot and patient work-space and not the rest of the screen. In the second stage
of interviews, all therapists preferred to hide even the axes of robot and patient
work-space as well, as they stated that the axes are confusing for patients.
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4. Therapists understood what is represented by the percentage of targets reached and
obstacles avoided.
5. In the first stage of interviews, one therapist preferred to see the performance evalu-
ation not only from the way toward the targets but also the way back to the initial
position from targets. In the second stage of interviews, the therapists were asked
about whether they would like this feature and all of the therapists said they would.
6. All therapists preferred the average, minimum, and maximum information of the
graph data to be represented to the right side of the graphs.
7. Therapists agreed the revised performance evaluation design captured metrics they
could use to evaluate their patients’ performance. They envisioned that they would
use the graph data and the data from the force strength adjustment panel to docu-
ment their data and to be able to objectively measure the patient’s performance.
8. All therapists were asked if the change in the button for the current session, previous
sessions, and summary of all the sessions (showed in 5 in Fig. 5.4) was better or
worse than the initial design; all therapists preferred the new option.
9. Fonts, graphs, and numbers were easy to read.
10. The therapists thought the GUI appeared to be user friendly and navigation seemed
to be easy.
Concepts therapists were not agreed on were:
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1. Therapists were asked if they would like to have access to all three methods of force
adjustment (i.e. slider, numerical down/up, and comparing the force strength to
pushing a real object). Three therapists preferred using the sliders and numerical
down/up as they felt those methods are more intuitive and less subjective than the
comparison method. However, two other therapists stated that they would like to
use the comparison method as this method is more functional and intuitive for them.
They stated that the force can be subjective but at least they have some idea of
where the force at. They wanted this information to be shown as a text close to the
force strength mode panel. One therapist mentioned as long as there is one example
(e.g., -50 means pushing a glass full of water) it helps them to understand the force
strength and they can figure out other forces from there.
2. Three therapists stated that they prefer to use the same force for each object in the
same session, as assigning different forces for multiple objects is time-consuming and
make the GUI less user friendly. On the other hand, two therapists mentioned they
would like to use different forces for each object, as depends on the length of the
session and they do not want the patient to do repetitive movements and get bored.
In addition, assigning different forces for each object, helps them to work on the
muscle group they want.
3. In the first stage of interviews, all therapists stated that they prefer the patients to see
only the robot and patient work-space and not the rest of the screen. In the second
stage of interviews, therapists were asked about the features of the GUI that patients
would see. When therapists were asked if they want the patient to see the obstacles
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during the exercise, two therapists stated that they do not want the patients to see
the obstacle as this would be confusing for them, however, two therapists stated that
they want the patients to see the obstacle as they should have some visual feedback.
One therapist stated that she will hide or show the obstacles to patients depending
on their level of cognition.
4. Therapists were asked about the patient’s trajectory and if they wanted the patient
to see their trajectory. Two therapists preferred to hide the trajectory for patients;
while three therapists preferred if patients could see their trajectory as they stated
the patients would benefit from visual feedback.
5. Three therapists preferred patients to see the robot status while two therapists stated
that they do not want the robot status to be shown for patients as it causes more
distraction.
6. All therapists were asked if they have any other comments regarding the GUI that
patients will see. Two therapists stated that they do not want the patient to see
the green and blue shaded regions of the robot and patients’ work-space (shown in
rectangle 1 in Fig. 5.2) as they are distracting for patients. One therapist mentioned
a label should be presented in the robot and patient work-space to show the patients
what is each object.
7. Four therapists were agreed that both the error and speed measurements in the
performance evaluation tab are good and useful; however, one therapist mentioned
the speed information is not necessarily useful, as the quality of movement is more
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important than a faster movement. On the other hand, one therapist mentioned
speed is important, as a patient may improve from having no movement to do a fast
movement.
8. Four therapists preferred to run an initialization at the beginning of the exercise
to identify the maximum space that the patient can reach and adjust the exercise
based on that; however, one therapist mentioned if she knows the patient, she would
already know how far the patient can reach so would not do an initialization.
9. Therapists were asked if they want to have other measurements for capturing the
patients’ performance. Four therapists did not mention any other measurements;
one therapist preferred to see feedback on the trunk position of the patient.
10. Two therapists preferred the darker background of the revised GUI, especially for
the performance evaluation tab where the only other color presented was the white
used for the graphs. Three therapists preferred the light gray color.
11. Four therapists preferred the graphs to represent different colors and one therapist
preferred the graphs to be shown with the same color.
12. Four therapists preferred the start, pause, and end buttons to be in the same place
in Fig. 5.2. They stated that they will look at the GUI from top to down and left
to right. One therapist preferred to see those buttons next to the force strength
mode, as she imagined she would use those buttons more often and they are more




While the sample size of this research is small, there were trends that appeared through
the collaborative design process used in this research. All the therapists who participated
in this research mentioned that controlling internal rotation is one of the main concerns
of upper-limb post-stroke rehabilitation. The obstacles added to the GUI design were
intended to assist patients in avoiding specific regions assigned by therapists, which could
help them to avoid movements such as internal rotation. The purpose of using obstacles and
making them visible in the GUI can be different in terms of their functionality. Namely, if
the obstacles provide a force field and promote a specific path, then making the obstacles
visible might be counter productive because patients will not have the time to process
their own intrinsic feedback to guide the performance. On the other hand, if the goal is
to provide an explicit boundary for the movement (or to induce some variation from trial
to trial) the obstacles can possibly be visible because it could promote patients to use
their extrinsic feedback in order to perform (e.g. they learn to use the extrinsic feedback
to guide performance rather than figure out how to get better). During the interviews
with therapists, it was mentioned that having obstacles could not only support movement
trajectory, but therapists could also use the numerical data of the obstacles’ force strength
to objectively measure patients’ performance (e.g., as time passes, therapists will reduce
the forces around the obstacles to see what happens). However, from the comments from
therapists, the force strength numerical data was difficult for them to understand without
actually using the robot. It was suggested that a description showing an example comparing
the force strength values to the forces that they would experience when pushing real objects
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could be used to make the data more intuitive for therapists; this is an example of how
to make values less arbitrary for the therapist end-users. Future research is needed to
explicitly explore what method can be used to make the parameter adjustment of the
robot more intuitive for therapists.
Due to COVID-19, in-person meetings were not possible, therefore therapists were not
able to see or try the actual robot and the GUI. The exploration of GUI features was
made based on virtual meetings. If in-person meetings were possible, some results would
likely be different. For example, if therapists were able to use the robot and felt how the
force strength changed when they adjusted it, the force strength adjustment panel might
have been easier for them to understand. Regardless, it is reasonable for the therapists
to use the method that feels most natural to them. This suggests that a GUI design for
upper-limb rehab robots should have more than one way for therapists to control the robot
settings (e.g., the slider plus numerical up/down value seen in Fig. 5.2).
The quality of the patients’ movement is another important concern for therapists.
Therapists stated they would use the trajectory smoothness and error measurement to
qualify the patient’s performance. Additionally, recommendations were made by therapists
for addressing the quality of movements, including an ability to monitor the posture, ability
to capture what joints are involved in the movement, and an ability to identify what muscles
are engaged during the exercise. While these features were not investigated in this study,
they have been studied in previous researches [68, 115, 120, 136]. These features are also
possible to implement using the robot studied in this research, however this remains a topic
of future research.
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Speed smoothness is another qualitative evaluation method that therapists could use
for evaluating the patients’ movement smoothness that has been studied in other research
[27, 102], however, all the therapists who participated in this study did not believe that
the speed smoothness would be important. Regardless, most of the therapists mentioned
they would need to work with the robot and explore these features before they could truly
comment on their usefulness. Although this metric is quantifiable, it should be noted that
the smoothness of a movement is the result of motor processes that operate below the
level of consciousness, therefore consciously knowing its value would not necessarily help a
the patient or therapist to make his or her movements smoother. This information could
be used to complement the performance report on movement smoothness and to provide
objective measurements. Thus, this research suggests further investigation of the speed
smoothness as a way to qualitatively evaluate patients’ movement.
Patients are also important users of the GUI. Through this research, it was found that
the GUI that patients would use would likely be different from the one that therapists use.
Therapists who participated in this study narrowed down the features that they thought
patients should see in the GUI and stressed having a patient-GUI that was less confusing
and not distracting. As the patient-design of the interface was not explicitly explored
in this study and there were no patient participants, the patient-GUI should designed in
future research with patients to identify what they would like to see and what is beneficial
for them to see.
Three therapists stated that they do not trust an unsupervised robot with patients and
they would not use the automated mode of therapy because of that. Trust is an essential
element for successful human-robot interaction and previous studies have investigated this
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matter (e.g., [63,70,119]). Results from this thesis underscore the need for future research
to explicitly explore the relationship of trust in how therapists use rehabilitation robots as
well as how GUI and controller design can help to support trust.
It should be noted that during the interviews, there were some comments regarding the
functionality of the exercises and if they can represent ADL. Based on the observational
data coming from the research team, the robot is only designed to improve the range of
motion with indirectly benefit functional ability but will not likely promote the type of
skill learning needed to transfer to ADL. The robot is also arm centric, while many ADLs
require some degree of fractionated finger movements. This means the robot is likely best
suited to recover the range of motion and strength in the upper limb movement of stroke
patients.
Limitations and methodological considerations
This study was primarily focused on what information therapists felt was best for robot
control and understanding patients’ outcomes; it did not consider how this information
might impact promoting motor learning (e.g., whether the information should be provided/
how the information should be used). Specifically, the interviews focused on the GUI
functionality not the optimal use of the GUI to maximize learning/recovery. From a
motor learning perspective, not all the information included is going to promote optimal
behaviors/ brain states for learning. Namely, if feedback is not done appropriately it
can create a dependency on information that is not available outside the rehabilitation
context, causing patients to not be able to (partially or completely) process their own
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intrinsic feedback to guide the movement [81]. Some of these issues are indirectly captured
in the therapists feedback (e.g., their adverseness to smoothness of the speed).
There may be gender bias inherent in the data since all of the participants were female.
Previously, researchers have investigated gender preference in interface design (e.g., [18,86])
and concluded that gender impacts the design of interfaces. However, as gender and
interface design were not specifically examined through this work it is unknown how gender
may have played a role.
The study group included physiotherapists (n=2) and occupational therapists (n=3).
As the goals and rehabilitation approaches of physiotherapists and occupational therapists
are not always the same, the groups might have different preferences for the mode of
therapy and goal of rehabilitation session. However, the sample size of this research was
too small to explore this; it is a question that needs to be asked in future work.
It is worth mentioning that the therapists who participated in this research had no
prior experience with upper limb rehabilitation robots. It is unknown how the prior expe-
rience with the robot could have impacted results, particularly as all interviews were done
remotely without the therapists being able to try out the robot. However, as this research
aims to create a GUI that is intuitive for therapists with no prior experience, data from
the therapists in this research provides a insight into first impressions of naive users.
Therapists ranged from 5-29 years of experience, which may have caused differences in
their opinions regarding the GUI design. For example, when therapists were asked about
the method that they want to use for adjusting the force strength, the therapist who had
the most years of experience (i.e., 29) stated that while the younger therapists preferred
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the slider option, she preferred a method that she can compare the force strength to the
force that she would use for pushing a real object in her real-life . It would be valuable to
investigate in future work how experience and age may play a role in preferences and how
therapists use the GUI.
The sample size in this research was small (n=5). A small sample size may prevent
the result of a study to be extrapolated or generalised and a big sample size could enable
statistical differences to be identified [32]. All the therapists were from the same geographic
region; the the exercises that therapists use for their patients and other differences in
training and best practice may be different from one region to another. Results from this
research work underscore the need for future research to explicitly explore the GUI using
a bigger sample size that includes therapists from other geographical regions.
5.7 Chapter summary and key points
This chapter described two stages of interviews and iterative design with rehabilitation
therapists to create an intuitive GUI for therapists to enable them to control the upper
limb rehabilitation robot showed in Fig. 3.1. Key findings from this research are:
1. Including obstacles in the exercises could help patients to avoid specific regions (i.e.,
support movement trajectory) and avoid internal rotation.
2. Force-field method might be a possible useful method for supporting patients’ move-
ment trajectory, not only because therapists can adjust the force strength to suit
84
a specific patient, but also because they can use its numerical data for objective
measurement of patients’ performance.
3. The GUI that is designed for therapists might be different from GUI that is designed
for patients. While therapists may prefer simpler designed GUI for patients as it
would be less confusing and less distracting for them, further studies with patients
to address the features they would like to see in the GUI needs to be investigated.
4. Trust is an important issue when human-robot interaction is considered. Further
study could be conducted to explicitly investigate the trust issue in human-robot
interaction and it may further help to achieve the success of human-robot interaction.
5. The quality of the movement is very important to therapists and appears that the
different measurements stated in this research (i.e., trajectory smoothness, and error)
could be used by therapists to evaluate it.
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Chapter 6
Conclusion and Future Work
6.1 Conclusion
The work described in this thesis shows how a dynamic model of the 2 DOF planar robot
was obtained from the principal of virtual work and was verified using MapleSim software.
The results showed that the derived dynamic model appears to be is valid and was therefore
used as the basis for designing a the motion and force-field control and for the robot.
This research further shows how two control strategies, namely, motion and force-field
control, could have benefits depending on the type of patient and the severity of the
impairment of motor control due to stroke. Fig. 4.14, depicts the possible usage of each
algorithm depending on the patient type. A novel adaptive algorithm was also proposed
for fine-tuning the proposed force-field parameters based on the performance of the patient
during the therapy. Due to COVID, the algorithm was validated using a simulated patient
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going through therapy sessions and the results suggested that the force-field algorithm
has a positive effect on motor control recovery. The simulation also indicated that the
resistive mode of therapy could result in better outcomes after the therapy, which agrees
with observations in experimental studies by other researchers [38, 96]. This suggests the
force-field control method that is proposed and implemented in this research is a promising
approach to controlling end-effector rehabilitation robots; however, the true effectiveness
will need to be evaluated on real patients in the future.
This work performed an iterative design process with rehabilitation therapists to create
an intuitive GUI for therapists to enable them to control the upper limb rehabilitation
robot. The identification of features and feedback on the intuitiveness of the GUI developed
in this research highlights the value of collaborative design between engineers and therapists
to create the interface that enables therapists to control the rehabilitation robot. This
research identifies the need for collaborative GUI design with patients, as their needs and
preferences may be different from therapists. During the collaborative GUI design, it
was observed that including obstacles and force-field method might be a useful method
for supporting patients’ movement trajectory, not only because therapists can adjust the
force strength to suit a specific patient, but also because they can use its numerical data
for objective measurement of patients’ performance. Therapists who participated in this
research stated that objective measurements (i.e., trajectory smoothness, speed, mobility
range and error) could be used to evaluate the patient performance. While rehabilitation
robots are different in terms of mechanical structure, work-space, and the exercise that they




The results given in Chapter 4 were limited by the accuracy of the patient model provided
in Section 4.2.3. Therefore, as future work, the effectiveness of the proposed algorithm has
to be further investigated in both resistive and assistive modes of training by implementing
the algorithm on the robot and testing with therapists and patients. While the results of the
study given in Chapter 4 suggest that patients may experience after-effect benefits from the
use of the force fields, the possible slower rate of motor-learning in stroke patients compared
to healthy subjects was not investigated in the patient model. Also, the psychological
effects of the therapies on the patient may affect the performance of the patients, which
was not studied in this research. Thus, future research should take these concepts into
consideration.
This study focused on the robot control and the collaborative GUI design with thera-
pists. However, how to be best implement the controller and GUI from a motor learning
perspective is not addressed and should be in future work to maximize the benefits of the
robot guided interventions. One principle of motor learning that as future work can be
studied is the focus of attention. Focus of attention can either be internalized (focus on
body’s movements) vs. external (focus on outcome of body’s movements). The internal-
ized focus of attention could be watching the arm movements with our robot whereas the
externalized focus of attention could be moving the robot arm and see the results real time
in robot and patient work-space of the GUI. It is important to know that in this research,
there has been no exploration in terms of internal versus external focus of attention and
how they may impact the recovery outcomes, including how they might be mapped to
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complement different types of stroke. These questions must be explored so that the robot
control and GUI used are better aligned with what promotes recovery for different stroke
populations.
In the GUI design, future research is needed to explore what method can be used to
make the parameter tuning of the robot more intuitive for therapists. Although thera-
pists who participated in this study preferred a GUI with a simpler design to be shown
specifically to the patients, the GUI should further be designed with patients to identify
what they would like to see and what is beneficial for them to see. Results from this thesis
work underscore the need for future research to explore the relationship of trust to how
therapists use rehabilitation robots, as well as how the GUI and controller design can help
to support trust. It would also be valuable to explicitly investigate how experience, age,
gender, and geographical regions may play a role in preferences and how therapists use the
GUI.
Research needs to be done on not just how to design the robot’s controller or its GUI,
including weather they complement motor recovery appropriately, but also on how using a
robot impacts the rehabilitation program. While robots have potential to be useful, they
have potential to be misused, using in a wrong context, or using inappropriately, which
could cause irrecoverable harm. Collaborative work needs to be done to ensure engineers
and therapists understand and disseminate how use the robot correctly and appropriately.
It is also important to further explore how therapists use the performance metrics to provide
feedback and when and what metrics should actually be used in this process. Augmented
feedback can be quite an effective tool to promote learning, but only if employed correctly;
if used inappropriately, feedback can produce a negative outcome in terms of functionality.
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It needs to be explored how the robot could provide patients with a form of feedback that
is not available to them during the everyday activities that the therapists are looking to
transfer the robot-training to. This feedback could be visual, such as the axis of the robot
and patient work-space, or the color shaded work-space of the robot or the patient.
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[28] Alexandre Denève, Säıd Moughamir, Lissan Afilal, and Janan Zaytoon. Control
system design of a 3-dof upper limbs rehabilitation robot. Computer methods and
programs in biomedicine, 89(2):202–214, 2008.
[29] Mandip S Dhamoon, Yeseon Park Moon, Myunghee C Paik, Bernadette Boden-
Albala, Tatjana Rundek, Ralph L Sacco, and Mitchell SV Elkind. Long-term func-
tional recovery after first ischemic stroke: the northern manhattan study. Stroke,
40(8):2805–2811, 2009.
[30] Barbara DiCicco-Bloom and Benjamin F Crabtree. The qualitative research inter-
view. Medical education, 40(4):314–321, 2006.
95
[31] WQD Do and DCH Yang. Inverse dynamic analysis and simulation of a platform
type of robot. Journal of Robotic Systems, 5(3):209–227, 1988.
[32] Jorge Faber and Lilian Martins Fonseca. How sample size influences research out-
comes. Dental press journal of orthodontics, 19(4):27–29, 2014.
[33] Susan E Fasoli, Hermano I Krebs, and Neville Hogan. Robotic technology and stroke
rehabilitation: translating research into practice. Topics in stroke Rehabilitation,
11(4):11–19, 2004.
[34] M Ferraro, JJ Palazzolo, J Krol, HI Krebs, N Hogan, and BT Volpe. Robot-aided
sensorimotor arm training improves outcome in patients with chronic stroke. Neu-
rology, 61(11):1604–1607, 2003.
[35] Mark Ferraro, Jennifer Hogan Demaio, Jennifer Krol, Chris Trudell, Keren Rannek-
leiv, Lisa Edelstein, Paul Christos, Mindy Aisen, Jill England, Susan Fasoli, et al.
Assessing the motor status score: a scale for the evaluation of upper limb motor out-
comes in patients after stroke. Neurorehabilitation and neural repair, 16(3):283–289,
2002.
[36] T Flash and I Gurevich. Arm movement and stiffness adaptation to external loads.
In Proc IEEE Engin Med Biol Conf, Orlando FL, volume 13, pages 885–886, 1992.
[37] Marco Franceschini, Stefano Mazzoleni, Michela Goffredo, Sanaz Pournajaf, Daniele
Galafate, Simone Criscuolo, Maurizio Agosti, and Federico Posteraro. Upper limb
robot-assisted rehabilitation versus physical therapy on subacute stroke patients: A
follow-up study. Journal of Bodywork and Movement Therapies, 24(1):194–198, 2020.
96
[38] Antonio Frisoli, Fabio Salsedo, Massimo Bergamasco, Bruno Rossi, and Maria C
Carboncini. A force-feedback exoskeleton for upper-limb rehabilitation in virtual
reality. Applied Bionics and Biomechanics, 6(2):115–126, 2009.
[39] Andrea Gaggioli, Emily A Keshner, and Patrice L Tamar Weiss. Advanced tech-
nologies in rehabilitation: Empowering cognitive, physical, social and communicative
skills through virtual reality, robots, wearable systems and brain-computer interfaces,
volume 145. IOS Press, 2009.
[40] F Gandolfo, F A Mussa-Ivaldi, and E Bizzi. Motor learning by field approximation.
Proceedings of the National Academy of Sciences, 93(9):3843–3846, 1996.
[41] Javier Garrido, Wen Yu, and Alberto Soria. Modular design and modeling of an upper
limb exoskeleton. In 5th IEEE RAS/EMBS International Conference on Biomedical
Robotics and Biomechatronics, pages 508–513. IEEE, 2014.
[42] Borna Ghannadi. Model-based control of upper extremity human-robot rehabilitation
systems. 2017.
[43] Borna Ghannadi, Naser Mehrabi, Reza Sharif Razavian, and John McPhee. Non-
linear model predictive control of an upper extremity rehabilitation robot using a
two-dimensional human-robot interaction model. In 2017 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), pages 502–507. IEEE, 2017.
[44] Borna Ghannadi, Reza Sharif Razavian, and John McPhee. Configuration-dependent
optimal impedance control of an upper extremity stroke rehabilitation manipulan-
dum. Frontiers in Robotics and AI, 5:124, 2018.
97
[45] Larry B Goldstein, Christina Bertels, and James N Davis. Interrater reliability of
the nih stroke scale. Archives of neurology, 46(6):660–662, 1989.
[46] Glen E Gresham, William B Stason, and Pamela W Duncan. Post-stroke rehabilita-
tion, volume 95. Diane Publishing, 2004.
[47] Maree L Hackett, John R Duncan, Craig S Anderson, Joanna B Broad, and Ruth
Bonita. Health-related quality of life among long-term survivors of stroke: results
from the auckland stroke study, 1991–1992. Stroke, 31(2):440–447, 2000.
[48] G. Hankey, K. Jamrozik, R. Broadhurst, S. Forbes, and C. Anderson. Long-term
disability after first-ever stroke and related prognostic factors in the perth commu-
nity stroke study, 1989–1990. Stroke: Journal of the American Heart Association,
33:1034–1040, 2002.
[49] Gunnar Harboe, Jonas Minke, Ioana Ilea, and Elaine M Huang. Computer support
for collaborative data analysis: augmenting paper affinity diagrams. In Proceedings
of the ACM 2012 conference on Computer Supported Cooperative Work, pages 1179–
1182, 2012.
[50] Ali Haskins Lisle, Coleman Merenda, and Joseph Gabbard. Using affinity diagram-
ming to generate a codebook: a case study on young military veterans and community
reintegration. Qualitative Research, 20(4):396–413, 2020.
[51] Stefan Hesse, Anke Heß, Cordula Werner C, Nadine Kabbert, and Rüdiger Buschfort.
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analysis.
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The study aims to iteratively develop and evaluate the GUI with rehabilitation therapists to create a
GUI that is easy and intuitive for therapists to use to control the robot. 
 
This is a strictly confidential questionnaire. Only a randomly generated participant ID
number, assigned by
the research administrator will be on this questionnaire.
 
All data will be securely stored in password-protected lab servers of the principal
investigators and access will be restricted to the research team. Your name will not
appear in any report, presentation, or publication resulting from this research.
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Please type the participant code here: 
 
What type of therapist/role in therapy describes you?
How many years have you been involved with stroke rehabilitation?
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Prefer to self identify 
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Appendix C
Interview Questions for the 1st Stage
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Sub-stage Topic ID Questions 
Introduction Introduction to robot and 
its controller 
1 Have you ever worked with any types of rehabilitation robots before? 
- If yes, when and for how long? What was the type of robot? Upper-limb or 
lower-limb? 
Exploring the GUI: 
Exercise adjustment  
First Impression 2 What are your first impressions of the GUI?  
Robot & User 
Workspace 




a) Please identify where the following are on the GUI for me:  
a. the target 
b. obstacles 
c. initial position 
b) How would you use these things (targets, obstacles, initial position) in a 
therapy session? 
c) Would you like to see the default starting position close to the patient, 
midway to the target, or somewhere else? Or would you prefer to set the 
starting position yourself? 
d) Would you like to have a set of presets or pattern of targets and obstacles 
that you can load and adjust? Or would you prefer to set them up yourself 
each time?  
e) Would you like all the targets to have the same attraction/repulsive force? 
Or would you prefer each target to have different force? 
f) What do you think about the use of obstacles? Why?  
g) Would you like to be able to specify a time constraint for reaching to a 
target? Would you like to be able to change this time-constraint to be 




Exercise mode and 
force-field adjustment 
4 a) What do you think about setting attraction/repulsive forces for the robot? 
Would you prefer the negative/positive method? 
b) What would be the most intuitive to you for the force-field adjustment? 
E.g. using slider/numerical down or up/ using another method like 
comparing the strength to pushing an object 
c) What do you think about the automated and semi-automated modes? 
Would you change anything about them? 
d) Would you like to be able to see the patient’s trajectory as he/she moves 
the robot’s hand, or you want to see it at the end (i.e., after the session is 
done)? 
e) Does the way the status of the robot is displayed make sense? and if not, 
what would you like to see done differently? 
 





5 a) In your own words, please describe what each of the followings are; what 
information do they give you:  
a. Trajectory smoothness 
b. speed  
c. error 
d. Hand speed smoothness 
e. mobility range 
f. percentage of target reached 
 
b) Would you prefer another method of evaluation? If so, what? 
c) Would you like to see the hand trajectory error as part of performance 
evaluation? Is this information valuable to you? Why? 
d) Would you prefer to see the information describing the different evaluation 
data always displayed or you would like to see them only when you click 
the help button?  
e) Would you like to see a score for reaching to the targets, avoiding an 
obstacle, or both? What would you like this score to look like? 





a. (If answer to the above is “yes”) How would you use these data? 
g) What information or data would you like to see at the end of session as a 
report of patients’ performance? 
 
Overall design  Overall 
design/fonts/colors/ 
navigation 
6 a) Overall, what do you think about the design? 
b) Do you think the design is too plain, too colorful, or just right? If you 
would make any changes, what would they be? Would you change the 
background color of the screen? 
c) Would you prefer another font? If so, do you have a preference? 
d) Is the font size too large, too small, or, about right? 
e) Would you like to be able to change the color or shape of initial position, 
targets, and obstacle? Are there colors would you prefer for them? 
f) Would you like us to rearrange the layout? In other words, would you like 
to see things in a different place on the GUI? 
g) Is it easy for you to navigate between parts? If not, what would you like to 
see to make it easier for you? 
 
Overall experience Overall experience 7 a) Were there any features you would like to see in the GUI, but were not 
present in the design today? If so, what? 
b) Were there any features you did not like? If so, what were they and why? 
c) Were there any features that you liked? If so, what and why? 
d) Is there anything else you would like to share? 
 





Interview Questions for the 2nd
Stage
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Sub-stage Topic ID Questions 
 
Exploring the GUI: 
Exercise adjustment  
First impression 
 
1 What are your first impressions?  
Exercise mode and force-
field adjustment 
2 a) Would you like to have access to all three methods of force adjustment, i.e. slider, 
numerical down/up, comparing the force? 
b) Would you like to have different forces for each of the targets and obstacles that are 
being used in the same session?  
c) What is would be the desired/ideal trajectory from one target to another target? Is it 
a straight path, curved path, or something else? 
d) Does reaching for a target with or without obstacles mimic exercise(s) you do with 
patients? i.e. shoulder, elbow, wrist extension/flexion -abduction/adduction? 
e) We heard from therapists that they would like to know how the force compares to 
pushing an everyday object. Would this information be useful to you? If so, how 
would you want to see it?  (i.e., force 10 N means pushing an empty plastic cup, 30 
pushing an empty glass, 50 a glass full of water, and so on). This information can be 
represented either as separate keys or as information in the help button. 
 
Exploring the GUI: 
patient GUI  
Information about the GUI 
that patients will see 
 a) Would you like to hide the axes in the workspace that the patient will see? 
b) Would you like to hide obstacles in the patient's GUI? 
c) Would you like to hide the patient's trajectory in the patient's GUI? 
d) Would you like the robot status to be shown for the patients? 
e) Are there any other comments you have about the patient view? 
 
 




Performance evaluation 3 a) Would you like to have error and speed information as to performance evaluation 
information? 
b) Does the “percentage of targets reached” make sense to you? What do you think it 
means?  
c) Would you like to have the evaluations for the way back to the initial position as 
well, or only for the way toward the targets? 
d) Would you like to assess the patient’s workspace at the beginning of the session? 
(i.e. moving around the robot’s hand to see how far the patient can reach) and then 
adjust the exercise based on that? Or would you like a set workspace that reflects the 
maximum of the robot? Or something else? 
e) Would you like to see the numerical data of the graphs as well? If so, what 




f) Does the patients’ performance evaluation capture metrics you that would be helpful 
for you to know? 
g) Is there any information or data that you would want to see in the patients’ 
performance evaluation that is missing? If so, what? 
h) Would you like to have access to performance evaluation for the current session, 
previous sessions, and a summary of all the sessions? 
 
Overall design Overall design/ 
navigation/font 
4 a) Would you prefer a darker background or the one presented in the light gray color? 
b) What do you think of the colors used for the initial position, obstacles, and target? 
Are there different colors you would use? 
c) What do you think about the color of the patient and robot workspace region? 
d) Would you like to have a setting for customizing the color and shape of the 
obstacles, targets, and starting position? 
e) What do you think about the multiple targets with different colors? 
f) Are the plots and numbers easy for you to see and read? 
g) Would you prefer graphs that use different colors or all use the same color? Which 
color (s) would you prefer? 
h) What do you think about the start, pause, and end button close to the force strength 
mode panel? Is it now more identifiable for you? 
i) Would you like us to move any section to another section?  
j) Is it easy for you to navigate between the different parts? 
 
Overall experience Overall experience 5 a) Were there any features you would like to see in the GUI, but were not present in 
the design today? If so, what? 
b) Were there any features that you particularly liked? If so, what? 
c) Were there any features you did not like in the updated version? If so, what were 
they and why? 
d) Is there anything else you would like to share? 
 
Conclusion Wrap up 6 Before we finish, do you have any additional comments about today’s session or questions 
for me? 
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